Ethylene (ET) is critical importance in the growth, development, and stress responses of plants. Plant hormonal stress responses have been extensively studied, however, the role of ET in plant growth, especially plant height (PH) remains unclear. Understanding the genetic control for PH in response to ET will provide insights into the regulation of maize development. To clarify the genetic basis of PH-related traits of maize in response to ET, we mapped QTLs for PH, ear height (EH), and internode length above the uppermost ear (ILAU) in two recombinant inbred line (RIL) populations of Zea mays after ET treatment and in an untreated control (CK) group. Sixty QTLs for the three traits were identified. Twentytwo QTLs were simultaneously detected under both ET treatment and untreated control, and five QTLs were detected at two geographic locations under ET treatment only. Individual QTL can be explained 3.87-17.71% of the phenotypic variance. One QTL (q2PH9-1, q1PH9, q1EH9/q1ILAU9-1, q2ILAU9, and q2EH9) for the measured traits (PH, EH, ILAU) was consistent across both populations. Two were identified for up to two traits in both locations and populations under both ET treatment and untreated control. These consistent and stable regions are important QTLs of potential hot spots for PH, ear height (EH), and internode length above the uppermost ear (ILAU) response to ET in maize; therefore, QTL finemapping and putative candidate genes validation should enable the cloning of PH, EH, and ILAU related genes to ET response. These results will be valuable for further fine-mapping and quantitative trait nucleotides (QTNs) determination, and elucidate the underlying molecular mechanisms of ET responses in maize.
Introduction
The gaseous endogenous plant hormone ethylene (ET) is important for plant growth and development [1] [2] [3] . By restricting cell elongation and regulating cell division, ET is most commonly associated with cell size regulation [4, 5] . In terms of development, ET is thought to be an 'aging' PLOS ONE | https://doi.org/10.1371/journal.pone.0193072 February 21, 2018 1 / 17 a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
hormone, due to the role it plays in accelerating such processes as abscission, senescence, and ripening [6] [7] [8] . Components of the ET signal transduction pathway in Arabidopsis have been identified through genetic approaches. The basic model of ET signal transduction works as follows: ET receptors (ETR1, ERS1, ETR2, ERS2 and EIN4) and receptors activating CTR1 in the absence of ET keeps downstream signaling components EIN2 and EIN3 inactive. Upon binding ET, the receptors no longer activate CTR1, while EIN2 activates the EIN3/EIL transcription factors, thus inducing a transcriptional cascade and the establishment of ET responses [3, 9, 10] . ET normally causes the inhibition of stem elongation [6, 11] . However, ET treatment also causes a stunted and thick inflorescence stem, which is also observed in the untreated ctr1 mutant of Arabidopsis [12] . Rapid shoot growth in aquatic species is controlled by the levels of ET synthesis and action. Thus, the elongation response of deepwater rice, commonly known as 'supergrowth', is primarily dependent on the hypoxic induction of ACC synthase [12] [13] [14] . The resulting increase in ET modulates the balance between gibberellic acid (GA) and abscisic acid (ABA) and induces stem elongation [12, [15] [16] . Plant height has been shown to decrease with decreasing internode length upon ET application in maize, barley, oats, and wheat [17] [18] [19] [20] [21] [22] . In Rumex species, ET sensitivity was shown to be the key factor controlling submergenceinduced shoot elongation [23] . These observations confirm that ET is indispensable for internode elongation in higher plants. Therefore, further studies ET-responsive gene of stem elongation related traits (e.g., PH) is important for reveal the molecular mechanisms of ET signal transduction cascade and interacting with other plant hormones. Multiple QTLs for PH and ear height have been detected using different populations in maize [24] [25] [26] [27] [28] , and genetic analysis of ear to plant heights (EPR, ear height /plant height) in relation to ET also was reported lately [29] . However, these results do not provide enough data to clarify maize genomic regions of PH-related traits response to ET.
In the present study, to explore the genetic architecture for PH-related (PH, ear height, and internode length above the uppermost ear) traits response to ET in maize plant, QTL mapping of these traits (with ET treatment or without) was conducted using two recombinant inbred line (RIL) populations derived from the cross K22 × BY815 and KUI3 × B77. The objectives of this study were: (1) to determine QTLs of additional genome regions of traits relating to PH, ear height (EH), and internode length above the uppermost ear (ILAU) under ET treatment conditions; (2) to estimate their differences in QTLs detected under both ET treatment and untreated control; and (3) to characterize and analyze the QTLs and candidate gene and compare the differences between the two RILs population associated with ET response.
ridge planting on May 6 in 2015 at Lishu (LS), respectively. A split-split-plot design was used in the field experiments with two replications. The main plot was ET treatment or control (CK) (with two levels), the sub-plot factor was populations (with two levels), and the sub-subplot factor was genotype [24, 30] . Each plot consisted of a row of 3m × 0.67m with a density of 67,500 plants/ha. For ET treatment, ethephon (270 g/ha at a 600 mg/L concentration, as used by Wei [31] ) was applied by foliar-spraying with an agricultural manual sprayer at the 8-leaf stage (V8, according to Abendroth et al.) [32, 33] . In the control group, an equal volume of water was applied by foliar-spraying at the same stage of growth. Treatment was performed quarantine by a membrane or baffle and applied on June 16 (2015) at Wuqiao (WQ) and on June 22 (2015) at Lishu (LS), respectively.
Twenty days after pollen shedding, eight consecutive plants from the plot center were selected to evaluate PH, EH, and ILAU. PH was measured from ground to tassel top, EH from ground to ear node, and ILAU from the node above the uppermost ear to tassel top. The eightplant average in each replication is reported as the trait values per family, while the average under the two experimental environments in the treatment conditions is described as the overall performance. Broad-sense heritability (h , and descriptive statistics and simple Pearson correlation coefficients (r), and analysis of variance (ANOVA) were performed using SPSS 21.0 [34] [35] [36] .
Molecular linkage map construction and QTL analysis
Genomic DNA was obtained from leaves of seedling stage plants from the two RIL populations using the cetyltrimethylammonium bromide method (CTAB) [37] . Genotype analysis of each SNP marker was conducted with the Illumina MaizeSNP50 BeadChip and analyzed using Genome Studio Data analysis software (Illumina Inc., San Diego, CA, USA), generating clusters of homozygous and heterozygous genotypes. In total, 3072 SNP markers were selected to analyze polymorphisms between KUI3×B77 and K22×BY815. A total of 2126 and 2263 SNP markers had polymorphisms between parent pairs [38, 39] . After excluding SNP markers with major segregation distortion, 2126 and 2263 SNP markers were used to generate two genetic linkage maps by Joinmap 4.0 software [34] . The maps were 1744 cM in length (average mapping interval of 0.82 cM) for Pop. 1 and 1640.4 cM (average mapping interval of 0.74 cM) for Pop. 2. A total of 4136 SNP loci were consistent with maize database chromosome bin locations.
QTL mapping for each location was conducted by composite-interval mapping (CIM) in Windows QTL cartographer version 2.5 [40, 41] . For CIM, Model 6 of Zmaoqtl module was applied for detecting QTL and their effects. The genome was scanned every 1 cM between markers and putative QTLs with a window size of 10 cM. Maximum cofactors were utilized to manipulate trait genetic backgrounds. Five control markers were determined by forward and backward regression. Empirical threshold levels for declaring QTL significance at the 5% genome-wide type I error level were achieved via 1000 random permutations [34, 42] . Estimates of phenotypic variance and effect were based on expressed values of QTL peak.
Results
Phenotypic variance in plant height, ear height, and internode length above the uppermost ear under ethylene treatment According to the combined ANOVA analysis across the two locations, all components were highly significant variance in all measured traits of RIL populations, except for replication variance ( Table 1) . PH-related trait values for the parents and RIL population in the two treatment groups in Table 2 The traits showed phenotypic correlations under the treatment conditions (Table 3) . In all treatment conditions, pairwise correlations were significant with the exception of CK_ILAU, CK_EH, and ET_EH.
QTL identification for the objective agronomic traits
Sixty QTLs related to the three traits were identified in both populations (Table 4) by CIM, locating 30 QTLs in Pop. 1 (Fig 1) , and 30 QTLs in Pop. 2 (Fig 2) . Twenty-two QTLs were simultaneously detected in ET-treated and control groups, while five QTLs were detected at two locations under ET treatment only. Individual QTL explained 3.87 to 17.71% of phenotypic variance.
QTL analysis for plant height
Twenty-five QTLs were identified for PH under ET-treated and control groups in the two populations (Table 4) , with 11 QTLs in Pop. 1 (Fig 1) , and 14 QTLs in Pop. 2 (Fig 2) respectively. These QTLs were mapped onto all chromosomes except for chromosomes 5 and 10, and an individual QTL explained 4.45 to 14.91% of the phenotypic variance. Six of the 25 QTLs from KUI3 (q2PH2-3, q2PH3, q2PH5, q2PH7, q2PH9-1, q2PH9-2) caused PH values to rise. Four QTLs (q2PH2-1, q2PH2-3, q2PH2-5, q2PH9-1) were identified in both ET-treated and control conditions, while one QTL (q2PH8-1) were observed under ET treatment, and three (q2PH2-2, q2PH5, q2PH8-3) under control conditions. Indeed, QTL q2PH9-1 was detected under both ET treatment and untreated control, contributing 10% to phenotypic variance in PH. QTL q2PH8-1 was identified only under ET treatment, and it explained over 10% of PH phenotypic variance.
QTL analysis for ear height
For EH, 17 QTLs in Pop. 1, and 8 in Pop. 2 were identified on all chromosomes except for chromosome 10. An individual QTL explained 4.46 to17.71% of phenotypic variance. Four of the 17 QTLs from KUI3 (q2EH2-3, q2EH5, q2EH7, q2EH9) resulted in an increase in trait values. Four QTLs (q2EH2-3, q2EH6, q2EH7, q2EH9) were detected under ET-treated and control 
QTL analysis for internode length above the uppermost ear
Eighteen QTLs were detected for ILAU: 10 in Pop. 1, and 8 in Pop. 2. These QTLs were mapped to every chromosome except for chromosomes 4 and 5. The contributions to phenotypic variance for an individual QTL ranged from 3.87 to 13.80%, and with four QTLs contributing about 10%. Five alleles from 18 QTLs were inherited by K22 (q1ILAU2-2, q1ILAU3, q1ILAU8, q1ILAU10) and KUI3 (q2ILAU9), and led to a rise in trait values. Seven QTLs (q1ILAU2-2, q1ILAU6, q1ILAU7-1, q1ILAU8, q1ILAU9-1, q2ILAU2-2, q2ILAU9) were identified in ET-treated and control conditions, while three QTLs (q1ILAU2-1, q1ILAU7-2, q2ILAU8-2) were identified only under control conditions. QTLs q1ILAU2-2 and q2ILAU9, detected under both ET-treated and control conditions, contributed 10% of phenotypic variance. QTL q2ILAU8-2, detected only in control conditions, accounted for more than 10% of the phenotypic variance in ILAU.
Mapping results comparison
By comparing mapping results, one QTL for three measured traits (q2PH9-1, q1PH9, q1EH9/ q1ILAU9-1, q2ILAU9 and q2EH9) was consistent across two populations, and two QTLs were consistent for one or two traits (q2PH2-5, q2ILAU2-2, q1PH2-2 and q1ILAU2-2; q1PH8-1, q1EH8-1, q2PH8-1) across two populations at two locations under both ET-treated and control conditions. Moreover, three QTLs for two or all traits were consistent across one population at both locations under both treatment conditions, four QTLs for two traits across one population at both locations under control conditions, and three QTLs for two traits across one or both populations at both locations under ET treatment (Table 5 , Figs 1 and 2 ).
Discussion
PH is in highly correlation with biomass yield as it has a large impact on grain yield, shorter plants are more lodging-resistant and have an improved per unit yield [18, 33, 43] . However, even though PH is an important agronomic trait the molecular mechanisms that underlie natural variation remains very elusive in experimental population genetics. A number of studies have shown that hormonally mediated pathways and their interactions are major determinants of PH [44] , however, further study of ET-treated PH change is required to uncover the molecular genetic basis of this relationship. Although ethephon application is used in maize to prevent lodging by decreasing PH and EH, the genetic basis of treatments that affect PH is yet unknown. In the present study, PH-related traits with lodging resistance were examined with and without ET treatment using two maize RIL populations. Our results indicate that ET treatment has such a great impact on PH-related traits by decreasing phenotypic performance of PH, EH, and ILAU (P < 0.01). Sixty trait-related QTLs were identified under ET-treated and control groups in two populations by CIM, locating 30 QTLs in Pop. 1 and 30 in Pop. 2 (Table 4) . Twenty-two QTLs were simultaneously detected in both ET-treated and control conditions, and five QTLs were detected at two geographic locations only under ET treatment. An individual QTL explained 3.87 to 17.71% of the phenotypic variance. One QTL for three Plant height in response to ethylene by mapping in maize measured traits (q2PH9-1, q1PH9, q1EH9/q1ILAU9-1, q2ILAU9 and q2EH9) was consistent across both populations, and two QTLs for one or two traits (q2PH2-5, q2ILAU2-2, q1PH2-2,  and q1ILAU2-2, q1PH8-1, q1EH8-1, q2PH8-1) were identified in both RIL populations at both locations under ET-treated and control conditions. These consistent and stable regions are important QTLs indicating potential hot spots for location of genes of PH, EH, and ILAU responses to ET in maize; therefore, fine-mapping of QTLs and of putative candidate gene 
Mapping results comparison with previous studies
Many of the QTLs exhibited in this study consistency and stability detected across with differently genetic populations of previously studies in the same locus or adjacent bins (Table 5) : alleles for PH in the interval between PZE-102038161 and SYN29038 on chromosome 2 for PH identified across Pop. 1 under both treatment conditions examined here and in a previous study [44] ; alleles for PH in the interval between PZE-105156919 and PZE-105158393 on chromosome 5 were identified here in Pop. 2 under control conditions and previous studies [24, 30, [45] [46] [47] [48] [49] [50] [51] ; between PZE-107069594 and SYN28758 on chromosome 7 for PH and ILAU in Pop. 1 under control conditions in this and previous studies [45, 52] ; and alleles for the three measured traits in the interval between PZE-109022525 and PZE-109027610 on chromosome 4 were identified in the two population under both ET-treated and control conditions and in previous studies [30, 45, 48, 53] . Taken together, these findings show that many QTLs influence PH, EH and ILAU in maize, suggesting a common origin among some traits. In addition, three clustered QTLs regions (q2PH2-5/q2ILAU2-2/q1PH2-2/q1ILAU2-2, q1PH7/q1EH7/ q1ILAU7-1, and q1PH8-2/q1ILAU8) detected under at both locations and both ET-treated and control conditions was not identified in previous studies, and contributed to more than 10% of phenotypic variance. These novel and stable robust QTLs for PH, EH, and ILAU, further indicated that the genetic structures of the PH-related trait in response to ET treatment was affected by many different minor effective QTLs.
Comparison of the mapping results across the measured traits in the two RIL populations
We verified three clustered QTLs (q2PH2-5/q2ILAU2-2/q1PH2-2/q1ILAU2-2, q1PH8-1/ q1EH8-1/q2PH8-1, and q2PH9-1/q1PH9/q1EH9/q1ILAU9-1/q2ILAU9/q2EH9) located in the same or similar chromosomes regions of the two populations (Pop. 1, and Pop. 2, Table 5 ), demonstrate that the traits may also be regulated by one QTL or several of the same QTLs. At the same time, the several other QTLs associated with PH-related traits in response to ET treatment were identified among the different populations. Six QTLs (e.g., q1ILAU2-1, q1PH4/ q1EH4) were identified for one or more measured trait in Pop. 1, while other seven QTLs (e.g., q2PH2-1, q2EH2-2/q2PH2-2) only detected in Pop. 2. The results demonstrate that PH-related traits in response to ET treatment in maize can be affected by population-specific QTLs, which attributed to differences in the genetic backgrounds of two populations due to the parental line different.
Genetic architecture of the ethylene response
As a phytohormone, ET has been shown to be involved in stem elongation in deepwater rice [54] . However, some literatures indicated that exogenous ET with moderate to high concentration inhibited stem elongation of maize, as well as other cereal crops such as wheat, oat, and barley etc. [17, 18] . Our results showed that ET treatment applied to maize had similar the physiological responses (i.e. decreasing phenotypic performance of PH, EH, and ILAU) to abiotic stress factors (plant density, waterlogging, etc.). For the three agronomic traits, 19 genetic loci of mapping QTLs were identified as ET-responsive loci in Pop. 1, and 22 genetic loci sensitive to ET in Pop. 2. Further, 7 ET-specific QTLs (11.67%) identified in the two RIL populations. Thus, the maize ET responses assessed here were consistent and specific, as those described in other studies such stressors such as plant density, nitrogen deficiency and waterlogging [34, [55] [56] [57] [58] . The results of present study could provide a valuable reference for finding specific genes and elucidating the molecular mechanism involved in ET responses.
Associations among QTLs and candidate genes in maize
To explore further the molecular mechanism of PH-related trait variance, the association from QTLs to genes known to be found in PH-related traits in Arabidopsis (a model dicotyledonous plant), rice (a monocotyledonous plant), and maize were studied by the bioinformatics approach using the Zea mays genome (Table 5) . Sequences for candidate genes of Arabidopsis, and crops e.g. maize and rice were downloaded from the National Center for Biotechnology Information (NCBI), and their homologs in maize inbred line B73 were investigated using maizeGDB blast with an E-value cutoff of 10 −10 and coverage longer than 60% [42] . Seven candidate genes controlling PH-related traits were located in 7 consistent QTL intervals (Table 5) . AT2G35700, AT1G72360, and AT1G74930 were found to be located in the q2PH2-1, q2PH2-3/ q2EH2-3, and q1PH6-1/q1ILAU6 intervals, respectively. The two genes encode a member of the subfamily of ERF/AP2 transcription factors. Indeed, the AP2 genes belong to a large gene family that encode a highly conserved AP2/ERF DNA binding domain and are importance in the regulation of development and in responses to abiotic and biotic stresses [59] [60] [61] . Mutations near the exon-intron boundaries in these genes cause misspliced transcript variants, and result in phenotypic changes to the plants, specifically shorter internodes and wrinkled leaves [61] . AT4G00880 was located in the q1ILAU2-1 interval. The gene encodes a small size auxininduced protein initially identified in Arabidopsis, soybean, and later in other plants [62] [63] [64] [65] . A few SAUR proteins are shown to bind CaM [61] , alter apical hook development, and negatively regulate auxin synthesis and transport [64, 66] . Proteins SAUR76, 77, and 78 integrate auxin into ethylene signaling to regulate ET response and plant growth [64] . AT1G78440 was located in the q2EH6 interval. The gene encodes a gibberellin 2-oxidase (GA2ox) that acts on C19 gibberellins. GA2ox hydrolyzes carbon-2 positions of bioactive gibberellic acids (GA1, GA4) and immediate precursors (GA9, GA12, GA20, and GA53) to inactive these proteins [67] . In Arabidopsis thaliana and Nicotiana tabacum, overexpression of AtGA2ox7 or AtGA2ox8 has been shown to result in decreased levels of active gibberellic acids (GAs) and to induce extremely dwarf phenotypes [68] . Moreover, transgenic Torenia fournieri plants overexpressing TfGA2ox showed dwarf phenotypes as well. However, a mutant of the SLENDER gene of Pisum sativum encoding GA2ox, had higher PH and accumulated GA precursors of high concentration in seeds [69] . Therefore, manipulation of gibberellic acid metabolism by GA2ox overexpression might be effective to modify PH. AT1G73730 was located in the q1PH7-2/q1ILAU7-2 interval. This gene encodes ethylene insensitive 3-like protein (EIN3), a transcription factor involving ET signal transduction pathway in Arabidopsis [70] . EIN3 and various EIN3-like proteins are not ET-induced but are regulated at post-transcriptional level. Transcription factors can act as activators or repressors of additional downstream ET-responsive genes. Transgenic rice plants overexpressing OsEIL1 (an EIN3-like gene) have been shown to exhibit a short shoot phenotype, coiled primary root, short root, and elevated response to exogenous ET [3] . Dwarf3 was located in the q2PH9-1/q1PH9/q1EH9/q1ILAU9-1/q2ILAU9/ q2EH9 interval. This gene encodes a cytochrome P450-mediated early step in gibberellin biosynthesis in maize [61] . Allelic variation at the Dwarf 3 locus is proposed as basis of a QTL, which was defined for a natural maize height variant [71, 72] . The functional analysis of homologous genes confirm that the maize ET responses QTLs involves ET signal transduction cascade and also interacting with other plant hormones.
The QTLs and candidate genes identified will be of great value for fine-mapping and quantitative nucleotide determination to QTLs cloning of ET-responsive PH-related traits in maize [29, [73] [74] . Therefore, further deep understanding for the mapping alleles may contribute to enhancing efficiency for plant height-related traits genetic improvement and elucidating the molecular mechanism involved in ET responses. 
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